The unicellular cyanobacterium Microc~sris aeruginosa K-81 has two types of restriction barrier, an extracellular nuclease and sequence-specific endonucleases. The nuclease was detected in the culture supernatant and it was easily released from the cells by washing with water or buffer containing Triton X-100. This nuclease was identified as a polypeptide of about 28 kDa that digested covalently closed circular and linear double-stranded DNAs, including chromosomal DNA from M. aeruginosa K-8 1. Among another 13 Microrysris strains examined, 3 produced an extracellular nuclease. Furthermore. M. aeruginosa K-81 contained two sequence-specific endonucleases, MaeK811 and MaeKSlII, which were isoschizomers of SpZI and Sau961, respectively.
Introduction
Many species of bacteria have a restriction-modification system to destroy foreign DNA that enters the cell [l] . This system is generally composed of two enzymes: a restriction endonuclease that cleaves a specific DNA sequence and a methylase that modifies the same sequence [l] . Most strains of cyanobacteria possess one or more type II restriction endonucleases [2] . On the other hand, some species produce an extracellular or cell wall associated nuclease [3-Q. It is thought that one of the roles of this nuclease is to prevent foreign DNA uptake. In fact, an extracellular DNase-deficient mutant of V&So cholerae can be transformed with plasmid DNA [6] . In cyanobacteria, extracellular nucleases from the heterocyst-forming cyanobacteria Anabaena and Nostoc [3, 4] and a cell wall associated nuclease from the unicellular nitrogen-fixing
Cyanothece [5] have been described. On the other hand, the naturally competent Synechocystis sp. PCC 6803 possesses a Ca-dependent nuclease, located in the cytoplasmic membrane, that is probably associated with the uptake of terium and M. aeruginosa is highly polymorphic [8] . 
DBase gel assay
DNase gel assays in SDS-polyacrylamide gels containing DNA (pUC119) were performed as described by Muro-Pastor et al. [3] with minor modifications. After supplementation with 5 Kg/p1 of bovine serum albumin (final concentration), samples were solubilized in a loading buffer containing SDS at 65°C for 5 min and after centrifugation, the supernatant was resolved by electrophoresis. Electrophoresis calibration kit (Pharmacia, 14.4-94 kDa) was used as an electrophoresis marker.
Isolation of restriction endonuclease
Frozen cells (10 g wet weight) were sonicated in 50 ml of TM buffer (0.01 M Tris-HCl pH 7.2, 0.01 M P-mercaptoethanol) for 10X30 s at 50 W with a Branson sonifier, Model 185. Following the removal of unbroken cells and cell debris by centrifugation (35 000 xg, 60 min), the lysate (10 ml) was applied to a 3.3 ml heparin-Sepharose CL-6B affinity column (Pharmacia) that was equilibrated with PC buffer (10% glycerol, 0.1 mM EDTA, O.OlM P-mercaptoethanol, 10 mM potassium phosphate, pH 7.4) 12345678 kb 21.2 M. aeruginosrr K-81 chromosomal DNA was incubated with the water wash supernatant (lanes 1 and 2), with the Triton X-100 wash supernatant (lanes 3S6), and with the culture supernatant (lane 7) at 37°C for 2.5 h, then resolved on a 0.8% agarose gel. Lane 3. 1st; lane 4, 2nd; lanes 1 and 5, 3rd; lanes 2 and 6, 8th wash extract; lane 8, untreated chromosomal DNA. Size markers are indicated on the left in kb.
[12]. The column was washed with 10 ml of PC buffer, then with 10 ml of the same buffer containing 0.1 M NaCl and eluted with a stepwise gradient of 0.2-0.8 M NaCl in PC buffer. Each fraction (5 ml) was monitored with ?+ $X174 RF I and pBR322 DNAs (prepared from a dam-dcm-host) as a substrate and by gel electrophoresis.
If necessary, extracts were concentrated or spin-dialyzed using a Centriflo ultrafiltration membrane cone type CF25 (Amicon) and/ or Ultrafree C3 (Millipore). The reaction mixture for the endonuclease assay basically contained 10 mM Tris-HCl pH7.5, 10 mM MgC12, 1 mM DTT and NaCl (O-120 mM).
Determination of enzyme cleuvage speciJicity
A 384 bp AseI-DraI fragment containing an Split site (5'-C 1 GTACG-3') isolated from $X174 was inserted by blunt-end ligation into the HincII site of pUCll8 to create pSpl1. A 346 bp HindIII-BumHI fragment containing a Suu961 site (5'-G 1 GGCC-3') Downloaded from https://academic.oup.com/femsle/article-abstract/145/1/107/480977 by guest on 06 April 2019 isolated from pBR322 was ligated into HindIII-Bam-HI sites to create pSau961. 32P-labelled substrate DNA was synthesized by means of a PCR protocol (Perkin-Elmer) using M 13 sequencing and reverse sequencing primers as forward and backward primers and heat-denatured pSau961 or pSpl1 DNA as a template. Before the PCR reaction, one of the primers was labeled with [Y-~'P]ATP. The synthesized double stranded DNA was digested with endonuclease, denatured and run on a 6% polyacrylamide gel with a DNA sequence ladder prepared by dideoxy chain termination using the same s2P-labeled primer.
Other techniques
Isocitrate dehydrogenase (NADP) was assayed by determining the increase in absorbance at 340 nm [13] . Potassium ions were assayed using flame emission spectrophotometry [14] . Recombinant DNA techniques were as described by Sambrook et al. [15] . For Southern blotting, the digested DNA was separated on a 0.8% agarose gel and blotted onto nylon membrane. Hybridization with a chemiluminescence-labeled probe (ECL random-prime labeling system, Amersham) was performed at 65°C. To predict the restriction endonuclease recognition sequences, a computer analysis was carried out using a GENETYX software (Software Development, Tokyo).
3. Results and discussion
IdentiJication and characterization of' nuclease
M. aeruginosa K-81 cells were harvested from 25 ml of mid-exponential phase culture by centrifugation and resuspended in either 1 ml of sterilized Hz0 or 1 ml of DNase buffer (40 mM Tris-HCl pH 7.4, 6 mM MgCl2, 2 mM CaC12, 0.1% Triton X-100) by vigorous pipetting [3] . After centrifugation, the supernatant was recovered and the same extraction procedure was repeated 8 times. DNase activity was assayed by incubating 20 ~1 of the extract with 1 ug of M. aeruginosa K-81 chromosomal DNA [8] at 37°C for 2.5 h. The water wash extracts were supplemented with a 1110 volume of IOXDNase buffer. DNase activity was found in all extracts, including that of the 8th wash, however it was decreased with each sequential wash step (Fig. 1) . The activity was greater when the buffer contained 0.1% Triton X-100 (Fig. 1) . To examine whether the nuclease is secreted A -a 1 2 B. into the medium, we assayed the activity in the culture supernatant. The nuclease activity was detected in the culture supernatant (Fig. 1) . A cell wall associated nuclease of C~~anothece was released from the cells by washing, but it was undetectable in the culture supernatant, indicating that it is not secreted into the medium [5] . To rule out possible cell lysis, isocitrate dehydrogenase activity and potassium content in the wash supernatants were assayed. No activity of isocitrate dehydrogenase was found in any water wash supernatants.
This enzyme was easily released from the cells by sonication at 50 W for 2 min (Branson model 185). Since the wash buffer containing Triton X-100 inhibited isocitrate dehydrogenase activity, the potassium content in the Triton X-100 wash supernatants was determined. Potassium content in the first wash supernatant was very high, then rapidly decreased by further washing. Potassium ion was not found in the 5th and 6th wash supernatants which included DNase (data not shown). On the other hand, some potassium ion was detected in the 7th and 8th wash supernatants (less than 3% of total content). In the case of the water wash, the first supernatant contained a high concentration of potassium ions and this ion was not detected in the 5th-8th wash supernatants. Therefore, potassium ions in the first four extracts might have been derived from medium and the lysis of cells might have occurred by repeated washing using Triton X-100. These results indicate that release of DNase into the wash supernatants is not caused by cell lysis and that DNase was associated with the cell wall or/and located within the outer membrane. However? the localization and secretion mechanism of this nuclease remain unknown. Since addition of Triton X-100 to the water wash supernatant did not accelerate the degradation of DNA, the role of Triton X-100 was not as an activator of DNase. It was reported that the outer membrane of Escherichia coli does not disintegrate in 1.5-2% of Triton X-100, but about one-half of the lipopolysaccharide and two-thirds of the phospholipid of the outer membrane are lost during the Triton treatment [16, 17] . It is assumed that Triton X-100 accelerates the release of a cell surface bound DNase, accompanying the loss of outer membrane components.
To characterize the specificity of this nuclease, covalently closed circular plasmid pUC118 DNA was exposed to the extract. The degradation profile revealed that the supercoiled form was initially nicked and converted to an open circular form, then the linear DNA was degraded (data not shown). The nuclease also degraded a single stranded DNA. These observations indicate that the enzyme possesses endonuclease as well as exonuclease activity. Adding EDTA to a reaction mixture inhibited the nuclease activity, indicating a requirement for a divalent cation, and the optimal temperature was 377 40°C. We examined DNase activities in another 13 Ivficrocystis strains and Synechococcus sp. PCC 7942. DNase activity was detected in the Triton X-100 wash extract from only three strains, M. aeruginosa K-17 and K-79, which are thought to be genetically and physiologically identical with AL aeruginosa K-81 [8, 9] , and M. aerltginosa NIES-87. The molecular mass of the DNase from M. aeruginosa K-81 and NIES-87 was examined by means of a DNase gel assay. Only a single band exhibiting nuclease activity was detected in each extract and both were about 28 kDa (data not shown). A 29 kDa sugar-non-specific nuclease has been isolated from the culture supernatant and cell-free extracts of Anabaena sp. PCC 7120 and its gene (nuc.4) has been cloned [3] . Southern hybridization of genomic DNA of AL ueruginosu K-81 with the nucA gene (a 473 bp BstNI-Hind111 fragment) from pCSAM28 [3] as a probe revealed no signal band, indicating that the nuclease of M. uevugz'nosu K-81 is distinct from that of Anubaena sp. PCC 7120 (data not shown).
Isolation and characterization ef restriction endonucleases
The chromosomal DNA of M. ueruginosu K-81 was resistant to lMbo1, BumHI, L?gZII, EcoRI, &I, SuZI, SmuI [8], AvuII, +a, BclZ, EcoRV, HueIII, Suu961 and KpnI (partially digested). These results indicate that the cells of M. aeruginosu K-81 have a restriction modification system. Heparin-Sepharose chromatography of the lysate from M. uertrginosu K-81 revealed the presence of two endonuclease activities when $X174 (Fig. 2) , h and pBR322 DNAs were used as a substrate. The first weak endonuclease activity (fraction 6) (MaeKSlI), which was slightly contaminated with MueK8111 as described below, generated fragments from $X174 DNA of Downloaded from https://academic.oup.com/femsle/article-abstract/145/1/107/480977 by guest on 06 April 2019 about 2.4 and 3 kb, which were similar to those produced by SplI. A second endonuclease activity (fractions 9 and 10) (MaeKSliI) generated fragments from $X174 DNA of about 1.3 and 4 kb. which were similar to those produced by Suu961. Fractions 7 and 8 contained two endonuclease activities, MaeK811 and MaeK8111, and fractions 2 and 3 were considered to contain the extracellular nuclease. Both endonuclease activities, MueK8 1 I and MaeK8 1 II, were also isolated by phosphocellulose P-11 column chromatography [12], but did not separate well (data not shown).
The cleavage positions of MaeK8 11 and Mue-KS111 were determined. ""P-labeled double stranded DNA was digested with each endonuclease at 37°C for 1.5 h. Autoradiography of a sequencing gel is shown in Fig. 3 . The signal bands from samples cleaved with both MaeK811 and Spfl or both Mae-K8 111 and Suu961 migrated at the same respective positions.
Sequencing ladders together with the cleaved samples revealed that MaeK8 1 I recognized 5'-C 1 and that A4ueK81 II recognized 5'-G J, GGCC-3'. Furthermore, when pBR322 DNA containing 15 Suu961 cleavage sites (GG[A/T/G/ C]CC) was used as a substrate, the digestion profile generated by MueK8111 was identical to that by Sau961 (data not shown), indicating that MaeK811 recognizes 5'-G J GNCC-3'. Therefore, A4ueK8 11 and MaeK8111 are isoschizomers of Spfl and Suu961, respectively.
